ABSTRACT. Chemical reactions between carbon steel, water and chemical species produce corrosion layers (scales) on the internal surface of pipelines transporting hydrocarbons. Scales act as a diffusion barrier and prevent the progress of corrosion, a dangerous failure initiator. The protective film (10-100 μm thickness) can be removed locally by the action of the internal flow, or by other mechanisms. Adhesion with the substrate and the failure modes of the corrosion layer can be tested by indentation. Some results are presented of experiments performed on specimens with scales grown in a controlled environment.
INTRODUCTION
orrosion is one of the main phenomena affecting the integrity of pipeline systems [1, 2] . Corrosion may be induced by the presence of carbon dioxide (CO2) in the fluids transported with hydrocarbons. CO2 dissolves in water and forms carbonic acid (H 2 CO 3 ), which dissociates into hydrogen ions (H + ) and carbonic anion (CO 3 2  ). H + ions remove electrons from the metal surface and ferrous ions Fe 2+ dissolve. However, when Fe 2+ and CO 3 2  exceed the solubility limit, precipitation of iron carbonate (FeCO 3 ) scales is initiated and a protective film progressively forms on the metal surface. The morphology of the scales depends on both steel properties and environmental conditions. The compact carbonate scales grown on steel grade X65 (API specifications [3] ) at different CO 2 pressure (1 bar and 170 bar, i.e. 100 kPa and 17 MPa) are shown by the SEM micrographs in Fig. 1 : the characteristic size of the crystals is significantly different in the two cases; larger crystals are obtained at high pressure in supercritical CO 2 conditions. Scales can vary also in thickness, depending on the exposure time to the aggressive environment. The formation of double corrosion layers, clearly shown for instance in Fig. 2 (right) and Fig. 3 (left), may also occur [4] .
C
Factors governing the scale growth process may influence the mechanical properties and the adhesion to the steel substrate of the corrosion layer [5, 6] and the possibility of ensuring further adequate protection. These characteristics can be verified by means of indentation tests, which allow identifying the failure modes and calibrating the mechanical properties of materials. The maximum force applied by commonly available instrumentation can vary in a wide range (from mN to kN) and tests can be performed at different penetration depths. The geometry of the indenter tip can also be appropriately selected. In particular, rounded conical (Rockwell [7] ) and sharp pyramidal (Vickers [8] ) tips can be used to obtain complementary information. The material characteristics are reflected by the indentation curves, which correlate the displacement of the indenter tip to the exerted force. This information can be exploited to recover the microscopic or macroscopic mechanical properties of materials either in laboratory [9] or directly on components, possibly in situ [10] . Specific application of indentation techniques complemented by inverse analysis tools have been recently considered for the diagnostic analysis of pipeline systems [11] , with the ultimate aim to prevent failures associated to progressive degradation phenomena, which may be assisted by the environmental conditions [12] . Methodologies suitable to identify the characteristics of coatings [13] and interfaces [14] in layered systems have been developed. Indentation curves can also reveal spall or cracking attitude depending on the ductility or the brittleness of the components [15] . The main results of an indentation study performed on the corrosion products grown on pipe steel samples are summarized in this contribution. 
MATERIALS AND METHODS
65 pipeline steel [3] and J55 casing steel [16] were considered. The materials have different composition and different but comparable mechanical properties, listed in Tab. 1 and Tab. 2. Iron carbonate (FeCO 3 ) films were grown on polished and degreased square samples (20 × 20 mm 2 , 3 mm thickness) inserted in Hastelloy C276 autoclave in saturated CO2 conditions at 70°C. The substrate was exposed for 68 hours to a synthetic fluid, with composition reported in Tab. 3. Specimens were observed with optical and electronic microscope. X ray diffraction (XRD) analysis was performed to identify scale composition. Details on specimen preparation and characterization are reported in [17] and [18] . The mechanical response of the specimens was investigated by indentation tests, performed with rounded (Rockwell [7] ) and sharp (Vickers [8] ) tips at 100 N and 200 N maximum load in a Zwick/Roell ZHU 0,2 equipment. The different characteristics of the surface layers were clearly reflected by the indentation curves, shown in Fig. 4 and Fig. 5 Table 3 : Salt concentration (g/l) in the corrosive autoclave environment.
Deformation and damaging phenomena induced by the mechanical action were inferred by scan electron microscopy (SEM) observation of the specimen surfaces and of some cross sections, in either secondary electron (SE) or backscattered electron (BSE) mode. The residual imprints left on the material by the indentation test were evidenced by a careful cutting and polishing of the material samples. During this preparation, specimens were protected with an aluminum foil in order to preserve the surface layers. Thickness measurements were also performed on the micrographs. BSE images of the cross sections of scales grown on X65 steel are shown in Fig. 2 . A much thicker double corrosion layer can be observed in correspondence of the side marked B (right), which was exposed to the fluid, in comparison with the opposite side A, in contact with a polyethylene sheet on the autoclave bottom during the process. Corrosion is evidenced by the presence of cementite (Fe 3 C) in the modified internal part of the substrate, with a clear separation line from the external carbonate crystals (see Fig. 2 , right micrograph). The BE micrographs of Fig. 3 visualize the corrosion layers produced in sample J55 in correspondence of sides named A (left, exposed to the fluid) and B (right, in contact with the autoclave bottom). 
RESULTS AND DISCUSSION
he corroded X65 and J55 specimens were subjected to Rockwell and Vickers instrumented indentation at 100 N and 200 N maximum load. Cross sections were carefully cut through the residual imprints left on the material and were subjected to micrographic investigation, which allows to correlate the output of the mechanical tests with the damaging phenomena induced in the corrosion layers and in their substrates. A selection of results is presented and discussed in this section.
X65 steel
The indentation curves drawn in Fig. 4 and Fig. 5 were produced by Vickers and Rockwell indentation at 100 N and 200 N maximum load, respectively, on the two sides of the carbonated X65 material sample. The curves are compared with that resulting (as a mean) from tests performed on the substrate before corrosion was induced. The graphs on the left in Fig. 4 and Fig. 5 refer to side A, in contact with the autoclave bottom. The curves are regular and conform to the output of the steel substrate, independently of the tip geometry and loading level. A systematically reduced tip penetration depth for the same applied load is observed in the case of Rockwell indentation (Fig. 5, left) while the presence of the scales is almost not detected by the Vickers test (Fig. 4, left) . T Indentation provokes the detaching of scale crystals in the piling-up area of the residual imprint, evidenced by the micrographs in Fig. 6 and, in more detail, Fig. 7 and Fig. 8 (left) . The effect of this phenomenon on the indentation curves is magnified by the axis-symmetric Rockwell tip although the areas of removed scales are comparable, see Fig. 6 . In the region under the indenter tip, crystals are compact and no further damaging phenomena are observed. The situation is rather different on side B, exposed to the fluid, where a thick scale coating is deposited on a corroded layer containing cementite, see Fig. 2 . The corresponding indentation curves are drawn in the graphs of Fig. 4 (right) and Fig. 5 (right) . The trend is typical of fracture propagation in brittle materials [15] : a series of kinks appear on the loading branch starting from about 40÷50 N. Cracks are clearly observed in the region underneath the wide areas of removed carbonate crystals, shown in Fig. 8 (right) and Fig. 9 . The separation between the two corrosion layers is also observed, even at far distance from the imprints, see Fig. 10 . 
J55 steel
The indentation curves relevant to Rockwell and Vickers tests performed at 200 N maximum load on the two sides of the carbonated J55 steel sample are drawn in Fig. 11 and Fig. 12 . The curves are compared with the mean result of X65 substrate, as in Fig. 4 and Fig. 5 . The specimen developed a double corrosion layer on the side (A) exposed to the fluid, an occurrence reflected again by the kinks appearing in the corresponding indentation curves, shown in Fig. 11 (left) and Fig. 12 (left) . The phenomenon is particularly pronounced in the case of Rockwell indentation, see Fig. 11 (left). The unloading branch of the curves is also affected in this case, likely due to the extensive material spalling that was observed on the specimen surface after the test even by optical microscopy. On the other hand, the sample response to Vickers indentation is similar to that exhibited by X65 corroded steel, shown in Fig. 4 (right) , although a larger dispersion is observed in the present case. The curves concerning either Rockwell or Vickers indentation performed on side B (in contact with the autoclave bottom) of the corroded J55 steel sample are shown in Fig. 11 (right) and Fig. 12 (right) . At the beginning, the resemblance with X65 steel response is pretty close. Then the curves deviate smoothly: more markedly and starting from about 50 N with the rounded Rockwell tip; at about 100 N for the sharp Vickers one. Notice that one curve is reported twice in Fig. 12 (right): as obtained from the equipment (continuum line) and translated (dashed) to the left as pointed out by the arrows, in order to follow the common initial trend. The fairly good overall agreement with the remaining output indicates that the initial discordance was likely due to some imperfection of the surface layer, phased out by the compression state induced by the test as the load increases, while the experimental dispersion due to the essential characteristics of the material system is quite low. The damage profile induced by Rockwell indentation is shown in Fig. 13 . The picture on the right focuses on the region of removed scales surrounding the conical imprint. Voids and micro-cracks (indicated by arrows) evidence the initial corrosion attach to the substrate. The minor consequences of the Vickers test are visualized by the pictures in Fig. 14. 
CLOSING REMARKS
orrosion layers grown on two different pipe steel substrates in a common controlled environment were subjected to indentation tests carried out at different maximum load and with different tip geometry. The results of this preliminary investigation evidence the following features: (i) indentation represents a rather effective characterization tool that permits to identify single and/or double corrosion layers forming on the steel, the main mechanical characteristics and the spalling attitude; (ii) brittleness induced in double corrosion layers is reflected by kinks in the otherwise smooth indentation curves; (iii) cracks appearing in the region underneath the wide areas of removed crystals in double corrosion layers are evidenced by SEM investigations; (iv) the steel substrate plays a role in enhancing or reducing the adhesion properties of the scales; (v) contrary to different quasi-brittle material systems, which are more sensitive to sharp indenters [19] , the effect of damage phenomena on indentation curves is magnified by the axis-symmetric Rockwell tip.
